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Hair follicle epithelium and nervous system share a
common ectodermal origin, and some neurotrophins can
modulate keratinocyte proliferation and apoptosis. It is
therefore reasonable to ask whether growth factors that
control neural development are also involved in the
regulation of hair follicle morphogenesis. Focusing on
neurotrophin-3 (NT-3) and its high-affinity-receptor
[tyrosine kinase C (TrkC)], we show that hair placode
keratinocytes express TrkC mRNA and immunoreactivity
early during murine hair follicle morphogenesis. In
later stages of hair follicle development, TrkC mRNA,
TrkC-, and NT-3-immunoreactivity are seen in keratino-
Increasing evidence suggests that neurotrophic factors not onlyinfluence neuronal development, plasticity, and regeneration,as well as target tissue innervation, but also exert multiple effectson non-neuronal tissues, particularly during their development(Bothwell, 1991, 1995, 1997; Timmusk et al, 1993; Otten et al,
1994; Akita et al, 1996). For example, glial cell line-derived neuro-
trophic factor and neurotrophin (NT)-3 are essential not only for
nervous system development, but also for the normal morphogenesis
of kidney and heart, respectively (Donovan et al, 1996; Moore et al,
1996; Pichel et al, 1996; Sanchez et al, 1996). It is not surprising,
therefore, that various neurotrophic factors and their receptors are
expressed by non-neuronal tissues during key steps of embryogenesis
(Timmusk et al, 1993; Williams et al, 1993; Yao et al, 1994; Hellmich
et al, 1996; Nichols et al, 1996; Zhang et al, 1996).
Because hair follicle (HF) epithelium and the nervous system share
a common ectodermal origin (Holbrook and Wolff, 1993; Gilbert,
1997; Kelly and Melton, 1995), it is reasonable to ask whether growth
factors that control neural development are also involved in the
regulation of HF morphogenesis. HF morphogenesis results from
complex epithelial–mesenchymal–neuroectodermal interactions, which
appear to be governed by the local balance of inducing and inhibitory
effects of numerous growth-modulatory factors (Hardy, 1992; Paus,
1996; Peus and Pittelkow, 1996; Stenn et al, 1996; Philpott and Paus,
1998; Mu¨ller-Ro¨ver and Paus, 1998). In the ongoing quest for defining
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cytes of the proximal hair bulb as well as in dermal
papilla fibroblasts. Compared with the corresponding
wild-type animals, early stages of hair follicle morpho-
genesis are significantly accelerated in newborn NT-3
overexpressing mice, whereas these are retarded in new-
born heterozygous NT-3 knockout (1/–) mice. These
observations suggest that NT-3 is an important growth
modulator during morphogenesis and remodeling of
neuroectodermal–mesenchymal interaction systems like
the hair follicle. Key words: development/NT-3/skin/tyrosine
kinase C. J Invest Dermatol 111:279–285, 1998
neural mechanisms of hair growth control (Paus et al, 1997a), several
observations raise the possibility that selected NT are involved in the
control of HF morphogenesis: neonatal NGF knockout mice display
hair growth retardation (Crowley et al, 1994), and keratinocytes (KC)
of the developing hair bud early on become immunoreactive (IR) for
the high-affinity NGF receptor, tyrosine kinase A (TrkA).1 Further-
more, NGF is appreciated to modulate KC proliferation and apoptosis
in vivo, in skin organ culture, and in vitro (Di Marco et al, 1991, 1993;
Paus et al, 1994a; Pincelli et al, 1994a, b; Zhai et al, 1996; Pincelli et al,
1997; Pincelli and Yaar, 1997). In addition, during human embryonic
skin development, the low-affinity NT receptor (p75NTR) reportedly
is the first growth factor receptor expressed by the dermal fibroblast
condensation, which later forms the dermal papilla (DP) of the HF
(Holbrook and Minami, 1991; Holbrook et al, 1993), i.e., the key
mesenchymal component of the HF, which plays a critical role in HF
morphogenesis and cycling (Jahoda et al, 1984; Jahoda and Reynolds,
1996). Prominent follicular p75NTR expression is also seen in mature,
growing (anagen) murine HF during postnatal life (Lindner et al, 1997).
Among the NT, NT-3 deserves special attention in cutaneous
biology. The biologic effects of this 119 amino acid basic protein with
about 50% homology to NGF, brain-derived neurotrophic factor, and
NT-4 (Barde, 1990; Hohn et al, 1990; Maisonpierre et al, 1990, 1991),
are mediated via the high-affinity receptor TrkC (Lamballe et al, 1991;
Williams et al, 1993; Barbacid, 1994; Hefti, 1997), and the low-affinity
neurotrophin receptor p75NTR (Chao, 1992, 1994; Meakin and
Shooter, 1992; Bothwell, 1995; Lewin and Barde, 1996). NT-3 may
also bind with low affinity to TrkA and TrkB, which are the high-
affinity receptors for NGF and brain-derived neurotrophic factor/NT-4,
1Botchkarev VA, Peters EMJ, Botchkareva NV, Eichmu¨ller S, Paus R:
Morphogenesis of sebaceous gland in neonatal mouse skin: expression of NGF,
TrkA and TrkC by developing sebocytes. J Invest Dermatol 108:372, 1997 (abstr.)
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respectively (Barbacid, 1994; Bothwell, 1995). NT-3 mRNA has been
detected in selected areas of chicken epidermis as early as on days 3–
4 of embryonic development (E3–E4) (Hallbook et al, 1993). In the
mouse, maximal levels of NT-3 mRNA in developing skin were found
at E11–E13 (Buchman and Davies, 1993). During early stages of skin
morphogenesis, i.e., before target innervation, NT-3 appears to regulate
epithelial–mesenchymal interactions and seems to promote the conver-
sion of dermatome progenitors into mesenchymal cells of the dermis
(Brill et al, 1995). NT-3 and TrkC mRNA reportedly are also expressed
in the epithelium of developing rat vibrissa follicles (Ernfors et al, 1992,
1994a; Tessarollo et al, 1993), although it has not yet been established
when exactly during vibrissa development NT-3 and TrkC transcription
are initiated, and how their expression changes during the course of
vibrissa development.
In order to explore the role of NT-3 and its high-affinity receptor
in HF morphogenesis, we have systematically analyzed NT-3 and TrkC
expression in defined HF compartments during all stages of perinatal
HF development in normal C57BL/6 mice (Paus et al, 1997b),
employing in situ hybridization and immunofluorescence techniques.
In addition, neonatal HF development in heterozygous NT-3 knockout
(1/–) (Ernfors et al, 1994b) and NT-3 overexpressing mice (promoter
K14; Albers et al, 1996) was compared with that of corresponding
wild-type animals by quantitative histomorphometry.
MATERIALS AND METHODS
Animals and tissue collection C57BL/6 mice were purchased from Charles
River (Sulzfeld, Germany) and housed in community cages at the animal facilities
of the Charite´-Virchow Hospital (Berlin). NT-3 overexpressing transgenic and
heterozygous NT-3 knockout (1/–) mice were housed at the animal facilities
of the University of Kentucky Medical Center or of the Max-Dellbru¨ck Center,
Berlin-Buch, respectively. All mice were kept under 12 h light/dark cycle, and
were fed water and mouse chow ad libitum.
NT-3 overexpressing transgenic mice were generated as described (Albers
et al, 1996), using the keratin 14 promoter to target NT-3 overexpression to
basal epidermal and ORS KC populations in murine skin (Vassar and Fuchs,
1991). NT-3 knockout mice were generated using conventional gene targeting
techniques (Ernfors et al, 1994b). Genotyping of mutant animals was performed
using a polymerase chain reaction protocol for the mutated allele and slot blot
analysis of isolated tail DNA as described before (Albers et al, 1996). Both NT-
3 overexpressing and heterozygous (1/–) knockout mice grew normally and
displayed no obvious behavioral or hair growth abnormalities. Homozygous
NT-3 knockout (–/–) mice died shortly after or even before birth from
numerous neurologic and heart abnormalities (Ernfors et al, 1994b; Donovan
et al, 1996), and only very few skin samples of prenatal NT-3 knockout
(–/–) mice were available for study, so that all quantitative analyses were
performed on heterozygous NT-3 knockout (1/–) mice.
For the analysis of HF morphogenesis, embryonic and neonatal skin was
harvested at various time points of estimated gestational age [embryonic days
14.5, 16.5, and 18.5 (E14.5, E16.5, E18.5), according to Kaufman (1992);
E0.5 being the morning on which a vaginal plug is found] or postnatal age
[postnatal days 0, 1, 2, 3, 6, 10, 14 after birth (P0–P14)]. Most nontylotrich
pelage HF in murine back skin develop perinatally, and even 1 d after birth
(P1) all stages of HF morphogenesis can still be observed in mouse skin (Dry,
1926; Vielkind et al, 1995; Paus et al, 1997b).
Mice were killed by cervical dislocation. For immunohistochemical analysis,
the back skin was harvested parallel to the vertebral line to be embedded rapidly
and snap-frozen in liquid nitrogen, using a special technique for obtaining
longitudinal cryosections through the HF from one defined site (Paus et al,
1994b). For in situ hybridization, neonatal mice were perfusion-fixed with a
paraformaldehyde-picric acid mixture under anesthesia overdose as described
(Botchkarev et al, 1997a, b).
Immunohistochemistry Eight micrometer cryostat sections of embryonic
and neonatal C57BL/6 mouse skin, fixed in acetone (at –20°C, 10 min), were
used for analyzing the expression of NT-3-IR and TrkC-IR. For the analysis
of NT-3-IR, a rabbit polyclonal anti-serum against amino acids 139–159,
mapping to the amino terminus of the human NT-3 precursor (Santa-Cruz
Biotechnology, Santa-Cruz, CA), was used, because it is identical to the
corresponding mouse sequence (Huber et al, 1996). For the analysis of TrkC-
IR distribution, a rabbit polyclonal anti-serum against amino acids 798–812
mapping to the carboxy terminal domain of full-length TrkC protein (gp140)
(Santa-Cruz Biotechnology, Santa-Cruz, CA) was employed (Bronzetti et al,
1996; Shibayama and Koizumi, 1996). All anti-sera were supplemented with
2% normal goat serum. For both anti-sera, incubation of skin sections
without primary anti-sera, preabsorption of primary anti-sera with 100 µg per
ml of corresponding antigenic peptides (37°C, 60 min), and cryostat sections
of embryonic brain were used as negative and positive controls, respectively.
Cryostat sections of skin from NT-3 knockout (–/–) and NT-3 overexpressing
transgenic mice were used as negative and positive controls, respectively, for
the anti-serum against NT-3.
Incubation steps were interspersed by four washes with tris-buffered saline
(TBS, 5 min each). Cryostat sections were incubated with the primary anti-
sera (dilutions 1:50) overnight at room temperature, followed by an incubation
with tetramethylrhodamine-isothiocyanate (TRITC)-conjugated F(ab)2 frag-
ments of a goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA;
1:200, 30 min, 37°C). Sections were then counterstained by Hoechst 33342
(Sigma, St. Louis, MO; 10 mg per ml in TBS, 30 min, room temperature), a
dye that intercalates between A-T bases of DNA, for identification of cell
nuclei (Vielkind et al, 1995; Lindner et al, 1997). After washing in TBS, all
sections were mounted with immunomount medium (Shandon, Pittsburgh,
PA). Sections were examined under a Zeiss Axioscope microscope, using the
excitation-emission filter systems NN 4 or 15, adapted for studying the
fluorescence, which is induced by Hoechst 33342 or TRITC. Photodocument-
ation was carried out with the help of a digital image analysis system (ISIS
MetaSystems, Altlussheim, Germany).
In situ hybridization In situ hybridization was carried out on the skin of
neonatal C57BL/6 mice according to a protocol that had been adapted for
oligonucleotide probes complementary to NT mRNA (Persson and Ernfors,
1993), using the following modifications. Eight micrometer cryostat sections of
perfusion-fixed skin (see above) were placed on RNAse-free gelatin-coated slides
and were dehydrated in alcohol. Sections were hybridized with commercially
available synthetic oligonucleotide probes that are complementary to the bases
106–135 of the full-length rat TrkC sequence (Biognostic, Go¨ttingen, Germany).
The oligonucleotide probes were labeled at the 39-end with TRITC-dUTP
(Boehringer, Mannheim, Germany) using terminal deoxynucleotidyl transferase
(Promega, Madison, WI). In situ hybridization was performed at 35°C for 16 h
with 60 ml of hybridization buffer (Biognostic, Go¨ttingen, Germany), containing
50% formamide, 43sodium citrate/chloride buffer, and 10 pM oligonucleotide
probe per ml. After hybridization the slides were first washed in 13sodium
citrate/chloride buffer for 5 min at room temperature, then in 0.13sodium
citrate/chloride buffer (four changes, 15 min each) at 35°C. After stringency
washing, slides were rinsed rapidly in deionized water, mounted into Shandon
Immunomount medium (Shandon, Pittsburgh, PA), and examined under a
Zeiss Axioscope fluorescence microscope.
Hybridization specificity was controlled by the pretreatment of sections with
ribonuclease A (100 mg per ml, 1 h at 37°C), as well as by abrogation of the
hybridization signal by the addition of 100 pM unlabeled oligonucleotide per
ml to the TRITC-labeled probe (negative controls). Cryostat sections of
embryonic brain with their strong TrkC transcript signals served as positive
controls. All controls yielded the expected negative or positive results, thus
documenting hybridization specificity.
Morphometry and statistical analysis In embryonic and neonatal skin,
more than 50 HF in distinct stages of morphogenesis, derived from five different
mice of one defined age were studied for NT-3 or TrkC-IR. For each stage
of HF morphogenesis, the major IR patterns were recorded in previously
prepared, computer-generated schematic representations of murine HF develop-
ment, which allow a systematic, standardized, and representative comparison of
different IR patterns (Paus et al, 1997b). In order to identify the eight defined
substages of HF morphogenesis as precisely as possible (Hardy, 1992; Philpott
and Paus, 1998), histochemical detection of endogenous alkaline phosphatase
activity (Handjiski et al, 1994) was employed, as this allows the dermal papilla
to be highlighted as a useful morphologic marker for staging HF development
and cycling (Philpott and Paus, 1998).
The percentage of HF in different stages of morphogenesis was assessed and
calculated on the basis of accepted morphologic criteria (Holbrook and Minami,
1991; Hardy, 1992; Vielkind et al, 1995; Paus et al, 1997b; Philpott and Paus,
1998). The number of HF per unit length of epidermis was calculated in skin
cryostat sections of NT-3 overexpressing and heterozygous from NT-3 knockout
(1/–) mice at P0 and P14, and was compared with that of age-matched wild-
type controls. In order to be sure that each assessed microscopic field contained
new HF, only every tenth cryostat section from each animal was analyzed, and
intermediary sections were discarded. Furthermore, the number of HF per
mm2 were also evaluated on horizontal skin cryosections, cut at the level of
the papillary dermis, from NT-3 overexpressing and wild-type mice at P0. At
the indicated time points, at least 200–250 follicles in 50–60 microscopic fields
of vertical skin sections, and 350–450 follicles in 20–25 microscopic fields of
horizontal sections, derived from three to five age-matched animals were
analyzed and compared with that of a corresponding number of HF from the
appropriate wild-type mice.
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Figure 1. TrkC and NT-3 expresssion in fetal and neonatal murine back skin during hair follicle morphogenesis. (For summary, compare with Fig 2.)
Cryostat sections (8 µm) of C57BL/6 mice were processed for TrkC mRNA detection by in situ hybridization, or were immunostained with anti-sera against
TrkC or NT-3. The dermo–epidermal border is indicated by a dotted line (A–C). Expression of TrkC mRNA and TrkC-IR was found in epidermal KC (A, B,
small arrowheads) and in KC of developing HF at stages 1–2 (A, B, large arrowheads). During early stages of HF morphogenesis, weak NT-3-IR was present only in
selected dermal fibroblasts (C, arrows). KC of the developing ORS at stages 4–5 displayed both TrkC mRNA and TrkC-IR (D, E, arrows). TrkC-IR was also
present in the HF IRS (E, arrowhead). No intrafollicular NT-3-IR was found in these stages of HF development (F, HF is indicated by dotted line). In fully
developed HF (stages 6–8), TrkC mRNA and TrkC-IR were expressed by hair matrix KC (G, H, arrows) and DP fibroblasts (G, H, large arrowheads), as well as in
some fibroblasts of the perifollicular connective tissue sheath (G, H, small arrowheads). NT-3-IR was found in proximal ORS KC (I, arrows), DP fibroblasts (I, large
arrowhead), and – most prominently – in the panniculus carnosus muscle (F, I, asterisks). DP, Dermal papilla; EP, epidermis; HF, hair follicle; HP, hair placode; IRS,
inner root shealth; ORS, outer root sheath. Scale bars, 50 µm.
All sections were analyzed at 3200 magnification, and means and SEM were
calculated from pooled data. Differences were judged as significant if the p
value was , 0.05, as determined by the independent Student’s t test for
unpaired samples.
RESULTS
TrkC and NT-3 are expressed by follicular keratinocytes and
dermal papilla fibroblasts during hair follicle morpho-
genesis As important phenomenologic indicators for a possible
involvement of NT-3-related signaling in the control of epithelial–
mesenchymal interactions during HF development, we began by
characterizing the in situ expression patterns of TrkC mRNA and
protein, and of NT-3 protein during HF morphogenesis in the back
skin of fetal and neonatal C57BL/6 mice. Tylotrich pelage HF (i.e.,
large HF with special sensory functions and associated tactile disc; Moll
et al, 1996) were first observed to develop on day E14, and the
morphogenesis of nontylotrich pelage HF began by E16. The majority
of nontylotrich pelage HF began to form between E18 and P1, and
by P6 all types of back skin HF in C57BL/6 mice had reached stages
6–8 of HF morphogenesis (Figs 1, 2) according to Hardy (Hardy,
1992; Vielkind et al, 1995; Hardy and Vielkind, 1996). Between P16
and P18, all tylotrich and nontylotrich pelage HF initiated their life-
long cycles of growth and regression by entering into their first
catagen phase.
The patterns of NT-3 and TrkC expression during distinct stages of
embryonic and neonatal HF morphogenesis are shown in representative
examples in Fig 1, and appeared to be identical for tylotrich and
nontylotrich pelage HF of the same developmental stage. The observed
immunoreactivity (IR) patterns are schematically summarized in Fig 2.
During murine HF development, TrkC mRNA and TrkC-IR became
visible long before NT-3-IR, and remained restricted to the follicle
epithelium until late stages of HF morphogenesis, when individual
fibroblasts of the DP also become TrkC positive (Figs 1A, B, D, E,
G, H, 2). NT-3-IR occurred only when HF morphogenesis had far
progressed, and appeared first in the DP, in the epithelial hair bulb,
and in proximal outer root sheath (ORS) KC (Figs 1I, 2).
On E16.5–18.5, TrkC mRNA was expressed in basal and suprabasal
epidermal layers, as well as in HF placodes in stages 1–2 of HF
morphogenesis (Figs 1A, 2). TrkC antigen expression was restricted
to the basal layer of the epidermis and its follicular invaginations, where
the KC of the developing hair placode displayed enhanced levels of
TrkC-IR, compared with the interfollicular epidermis (Fig 1B). Later,
in stages 4–5 (P0–P2 skin), KC of the developing proximal ORS and
some KC of the most proximal hair bulb matrix displayed TrkC
mRNA (Fig 1D). Most ORS and inner root sheath (IRS) KC were
also TrkC-IR in stages 4–5 (Fig 1E). During stages 6–8 of HF
morphogenesis (P2–P6), TrkC mRNA and TrkC-IR appeared in hair
matrix KC, in individual DP fibroblasts, and in single fibroblasts of
the perifollicular connective tissue sheath (Figs 1G, H, 2).
Interestingly, at E16.5–18.5, a relatively weak NT-3-IR was detected
only in single dermal fibroblasts (Fig 1C). During stages 1–5 of HF
development, practically no NT-3-IR was detected anywhere in the
entire HF, whereas the panniculus carnosus muscle (Fig 1F) showed
strong NT-3-IR (this prominent IR actually served as an internal
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Figure 2. Schematic representation of the distribution of NT-3-IR
and TrkC-IR during murine hair follicle morphogenesis. Those cell
populations with NT-3-IR expression are in light grey, those with TrkC-IR
are in dark grey. Cell populations with a possible co-localization of NT-3-IR
and TrkC-IR are shown in black. The numbers indicated below the epidermis
refer to the various defined stages of HF development (Hardy, 1992; Philpott
and Paus, 1998). The summary scheme was derived from analyzing .50
longitudinally sectioned follicles from the lower back of five neonatal C57BL/
6 mice per time point.
positive control). The first strong NT-3-IR in the developing HF
appeared only late during HF morphogenesis, i.e., during stages 6–8,
namely in ORS KC and DP fibroblasts (Figs 1I, 2). Notably, the
maximal level of NT-3-IR was found in the subcutaneous striated
muscle layer (panniculus carnosus) (Fig 1F, I).
Thus, during stages I–V of HF development, follicular KC appeared
to express only TrkC, suggesting that fibroblast- or muscle-derived
NT-3 may influence HF KC during the early stages of HF development
in a paracrine manner. At stages 6–8, when the first NT-3-IR was also
Figure 3. Newborn NT-3 overexpressing mice display an increased
number of hair follicles. (A) The number of HF per mm of epidermal
length in 8 µm thick cryo-sections was evaluated in the back skin of NT-3
overexpressing and age-matched wild-type mice on two different days of
postnatal development (P0, P14). At P0, but not at P14, a significant increase
in the number of HF was found in NT-3 overexpressing mice, compared with
wild-type controls (mean 6 SEM; asterisk, p , 0.05). (B, C) Representative
examples of horizontal skin sections cut at the level of the papillary dermis
from newborn wild-type mice (B) and NT-3 overexpressing mice (C). Scale
bars, 50 µm.
observed within the HF, TrkC and NT-3 were expressed by different
populations of HF KC: TrkC mRNA and IR were found in the hair
matrix, whereas NT-3-IR was observed in the ORS, suggestive of
NT-3/TrkC signaling between the ORS as the source, and the hair
matrix as a target of intrafollicular NT-3 signaling. During the final
steps of HF morphogenesis, DP fibroblasts appeared to coexpress both
receptor and ligand (Fig 1G–I), which suggests the existence of
autocrine loops in DP-associated NT-3/TrkC signaling.
NT-3 overexpressing mice display both an increased number
of HF as well as acceleration of HF morphogenesis These
phenomenologic observations revealed developmentally controlled and
spatially highly restricted expression patterns of NT-3 and TrkC, and
suggested a role for NT-3 in the control of HF development. Therefore,
we next asked whether NT-3 overexpression or deletion affects HF
morphogenesis. Quantitative histomorphometric analysis of back skin
from newborn mice (P0) overexpressing NT-3 under the K14 promoter
(Albers et al, 1996), showed a significant increase in the absolute
number of HF per mm of epidermis length, compared with age-
matched wild-type animals (Fig 3A). Furthermore, as shown in
representative examples at P0 (Fig 3B, C), the number of HF per
mm2 of skin, in horizontal back skin sections, was significantly higher
(p , 0.05) in NT-3 overexpressors (476.6 6 17.8) compared with the
age-matched wild-type mice (438.9 6 14.6). This was accompanied
by a significant increase in the percentage of HF in advanced stages of
perinatal HF morphogenesis (stages 5, 6), and a corresponding reduction
in the number of more immature developmental stages (stages 1 and
2; Fig 4A–C).
Interestingly, already by P6 no significant differences were found
anymore between transgenic and wild-type mice with respect to the
percentage of HF in distinct stages of morphogenesis, and all HF had
almost completed their development (stages 6–8) by P6 (not shown).
A comparison of the absolute number of HF in NT-3 overexpressing
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Figure 4. Hair follicle morphogenesis is accelerated in NT-3 over-
expressing mice. The percentage of HF in defined stages of morphogenesis
was evaluated by quantitative histomorphometry using established morphologic
classification criteria (Philpott and Paus, 1998) in cryostat sections. The sections
were histochemically stained for endogenous alkaline phosphatase, in order to
visualize the DP of the HF as a classification aid. Newborn NT-3 transgenic
mice (P0, A, C) showed a significant increase in the percentage of HF in late
stages of HF morphogenesis (stages 5, 6), compared with wild-type animals,
where stage 2 HF predominated (mean 6 SEM; asterisks indicate significant
differences between identical stages of HF morphogenesis in wild-type versus
NT-3 overexpressing mice, p , 0.05). In (B) and (C), defined, different stages
of HF morphogenesis are indicated by arabic numbers. EP, epidermis; PCM,
panniculus carnosus muscle. Scale bars, 100 µm.
and wild-type mice on P14, i.e., towards the absolute end-point of
HF morphogenesis (Philpott and Paus, 1998), showed that the total
number of HF did not significantly increase during the first 2 wk of
postnatal life in any of the examined mice, and no significant differences
in the absolute number of HF were recognizable anymore between
NT-3 overexpressing and wild-type mice 2 wk after birth (Fig 3A).
This suggests that only early events of HF development (induction?
stages 1–2?) were accelerated in NT-3 overexpressing mice, whereas
later steps appeared to be unaltered.
Early steps of hair follicle morphogenesis are retarded in NT-3
knockout (F/–) mice In order to further explore the functional
significance of NT-3 signaling in early steps of HF morphogenesis,
homozygous (–/–) and heterozygous (1/–) NT-3 knockout mice were
studied, which are characterized by the complete deletion or 50%
reduction of endogenous NT-3, respectively (Ernfors et al, 1994b;
Airaksinen et al, 1996). Samples of back skin from homozygous NT-3
knockout (–/–) mice obtained at E18.5 displayed numerous HF in
early stages of development as well as tylotrich pelage HF in stage 4
of HF morphogenesis; no striking differences in HF development were
apparent when comparing the few available samples of (–/–) skin with
that of wild-type (1/1) or heterozygous NT-3 knockout (1/–) skin
from E18.5 (not shown). Due to the limited viability of homozygous
NT-3 knockout (–/–) mice, however, and serious difficulties in
obtaining enough (–/–) mutants for reliable quantitative analyses, early
HF morphogenesis was studied in heterozygous (1/–) NT-3 knockouts
at P0.
In contrast to (1/–) mutants, wild-type mice did not contain any HF
of morphogenesis stage 1 anymore at P0. This indicates that HF
induction had been completed before P0, as opposed to the heterozyg-
ous NT-3 knockouts (1/–), where the initiation of HF morphogenesis
Figure 5. Newborn heterozygous NT-3 knockout mice (F/–) show a
retardation of early steps of hair follicle morphogenesis. The percentage
of HF in defined stages of morphogenesis was evaluated as before (see Fig 4),
in the back skin of newborn heterozygous NT-3 knockout (1/–) and wild-
type (1/1) mice (P0). (A) The percentage of HF at stages 1 and 2 of
morphogenesis was increased in heterozygous NT-3 knockout mice, compared
with the wild-type mice, which had a significantly increased percentage of HF
in later developmental stages (mean 6 SEM; asterisks indicate significant
differences between identical stages of HF morphogenesis in wild-type versus
mutant mice, p , 0.05). In wild-type controls, single HF in stage 7 of
morphogenesis, i.e., when the apex of the hair shaft is located at the level of
the sebaceous gland duct (Hardy, 1992; Philpott and Paus, 1998), were observed
(B, arrow), whereas such HF were absent in heterozygous NT-3 knockout skin
(C). Different stages of HF morhogenesis are indicated in (B) and (C) by arabic
numbers. EP, epidermis; PCM, panniculus carnosus muscle. Scale bars, 100 µm.
was evidently retarded (Fig 5A–C). At P0, heterozygous NT-3
knockout (1/–) and age-matched wild-type mice (1/1) did not show
any significant differences in the total number of hair follicles (not
shown). Interestingly, however, compared with wild-type controls, HF
in advanced stages of morphogenesis (stage 7) were either missing or
were significantly reduced in number in heterozygous NT-3 knockout
mice; instead the latter displayed a significant increase in the percentage
of very immature HF (stages 1 and 2; Fig 5A–C). This suggests that
NT-3 not only accelerates the time-course of HF morphogenesis, but
that it may also be involved in the timing of HF induction.
DISCUSSION
HF morphogenesis results in the development of a unique, hair
shaft-producing mini-organ, which arises from tightly choreographed
programs of KC differentiation, proliferation, and apoptosis, and
highly regulated neuroectodermal–mesenchymal interactions. Every
step in the extensive tissue remodeling events that constitute HF
morphogenesis appears to be controlled by changes in the local balance
of stimulating and suppressing activities of different growth factors and
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by changes in the local adhesion milieu (Hardy, 1992; Paus, 1996;
Peus and Pittelkow, 1996; Stenn et al, 1996; Paus et al, 1997a; Philpott
and Paus, 1998; Mu¨ller-Ro¨ver and Paus, 1998). Thus, the HF offers
an excellent, easily accessible experimental system, which has long
intrigued biologists and dermatologists alike as an ideal model for
dissecting the controls of neuroectodermal-mesenchymal interactions
in general, and the non-neuronal functions of NT in particular
(Slominski and Paus, 1993; Paus et al, 1997a). The role of NT during
HF morphogenesis is best studied in mice, because the biology of
murine HF has been exceptionally well characterized, and instructive
mouse mutants with abnormal NT signaling are available for molecu-
lar analyses.
The data reported here suggest that NT-3, an essential neurotrophic
factor for the development and function of selected neuronal cell
populations in sensory and sympathetic ganglia as well as for cutaneous
mechanoreceptors (Ernfors et al, 1994b; Airaksinen et al, 1996; Albers
et al, 1996; Lewin, 1996; Lewin and Barde, 1996), is also an important
modulator of HF morphogenesis. This enrols NT-3 in the steadily
growing list of candidate signals that are currently discussed as important
signals in the control of HF induction and/or morphogenesis (Paus,
1996; Stenn et al, 1996; Philpott and Paus, 1998; Mu¨ller-Ro¨ver and
Paus, 1998). As HF clearly are induced and develop even in homozygous
NT-3 knockout (–/–) mice, however, NT-3 is certainly not an essential
and absolutely irreplaceable growth factor in the control of HF
morphogenesis. More likely, it has a growth-modulating role (note
that NT-3 stimulates epidermal KC proliferation in adolescent mouse
skin2). Also, NT-3 may modulate the KC expression of adhesion
molecules during HF development, because NT-3 can profoundly alter
cell adhesion on neuronal cells (Scott et al, 1996).
The stringent choreography of ligand and receptor expression in
defined HF compartments during HF morphogenesis revealed here,
(Fig 2) suggests that NT-3/TrkC-related signaling is directly involved
in the control of HF development. We show that TrkC, the high-
affinity NT-3 receptor, is expressed early on by KC of the developing
hair placode, whereas NT-3 expression is found in single dermal
fibroblasts during the earliest steps of follicle morphogenesis (Figs 1,
2). Later during HF morphogenesis, NT-3-IR expression is observed
in the subcutaneous skeletal muscle (Fig 1F, I). This striated muscle
may well serve as an important source of NT-3 in neonatal murine
skin, because skeletal muscle reportedly can produce NT-3 to maintain
the development and function of motoneurons, muscle spindles, and
Golgi tendon organs (Ernfors et al, 1994b; Oakley et al, 1995; Griesbeck
et al, 1995; Wright et al, 1997). A growth-modulatory role of NT-3
in HF morphogenesis is supported by our findings that, compared
with wild-type animals, mice that overexpress NT-3 in basal KC show
the development of significantly more HF at the time of birth (Fig 3),
as well as an accelerated HF morphogenesis (Fig 4). Vice versa, HF
morphogenesis in heterozygous NT-3 knockout mice (Fig 5), which
have about 50% reduced NT-3 levels (Airaksinen et al, 1996), is
retarded, compared with age-matched wild-type controls. The total
number of HF in heterozygous NT-3 knockout mice at birth, however,
and in NT-3 transgenic mice 2 wk after birth, does not differ
significantly from the corresponding wild-type mice (Fig 3A). This
suggests that NT-3 chiefly promotes HF induction and early steps of
HF development, rather than the later stages of HF morphogenesis.
This is in line with the observations that TrkC mRNA and protein in
2Botchkarev VA, Metz M, Botchkareva NV, Welker P, Lommatzsch M, Renz
H, Paus R: Brain-derived neurotrophic factor, neurotrophin-3, neurotrophin-4
and their receptors are expressed in mouse skin, and stimulate proliferation of
murine epidermal keratinocytes in situ. J Invest Dermatol 110:538, 1998 (abstr.)
3Botchkarev VA, Lewin GR, Albers KM, Botchkareva NV, Peters EMJ, Paus
R: Neurotrophins and murine hair follicle morphogenesis: expression patterns
of NT-3, NT-4, brain-derived neurotrophic factor, TrkB and TrkC and
indications for a functional role in hair follicle development and regression. J
Invest Dermatol 108:620, 1997 (abstr.)
4Botchkareva NV, Botchkarev VA, Peters EMJ, Paus R: Nerve growth factor
and its receptors in murine skin: expression changes during hair follicle
development and cycling. Arch Derm Res 290:71, 1998 (abstr.)
epidermal KC is expressed only in fetal and neonatal (Fig 1A, B), but
not in adolescent C57BL/6 mouse skin.1,3
The concept that NT promote HF morphogenesis is supported by
the observation that neonatal NGF knockout mice display hair growth
retardation (Crowley et al, 1994) and that there is prominent epithelial
expression of TrkA during HF morphogenesis in C57BL/6 mice.1,4
Because the possibility of low-affinity NT-3 binding to TrkA has been
demonstrated for neurons in vitro (Barbacid, 1994; Bothwell, 1995;
Lewin and Barde, 1996; Hefti, 1997), both NT receptors should be
taken into account as potential targets for NT-3 stimulation during HF
morphogenesis. Quite likely, NT-3 also interacts with the low-affinity
p75NTR in this context, because p75NTR is prominently expressed by
dermal papilla fibroblasts and their precursors during HF development in
both humans (Holbrook and Minami, 1991; Holbrook et al, 1993)
and mice.4
It is interesting to note that fully developed HF expressed NT-3
and TrkC in the HF mesenchyme (dermal papilla) and epithelium
(outer root sheath, hair matrix) (Fig 1G–I). This suggests a general
role of NT-3/TrkC signaling in epithelial–mesenchymal interactions
not only during HF morphogenesis, but also during subsequent hair
follicle cycling. Because somewhat similar epithelial and mesenchymal
expression patterns of NT-3 and TrkC expression have also been
described during tooth and kidney morphogenesis (Huber et al, 1996;
Luukko et al, 1996, 1997; Nosrat et al, 1997), it is tempting to speculate
that NT-3/TrkC signaling is a rather common feature of epithelial–
mesenchymal interactions in many developmental systems, and is not
restricted to the HF.
Taken together, our data support the concept that skin-derived
neurotrophins not only control cutaneous innervation, but also have
multiple non-neurotrophic functions during embryonic and postnatal
skin development, specifically in hair follicle biology,1,3,4 and may well
be considered as ‘‘epitheliotrophins’’ (Rohrer et al, 1988; Di Marco
et al, 1991; Wheeler and Bothwell, 1992; Paus et al, 1994a, 1997a;
Pincelli et al, 1994a, b, 1997; Pincelli and Yaar, 1997).
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